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Abstract
New experimental and theoretical results are presented that address
the movement of O+ ions through argon gas. On the experimental front,
improved ion mobility results are presented. These results conrm the
presence of the oft-cited mobility minimum as a function of electrostatic
eld strength at room temperature. On the theoretical side, high-level ab
initio potential energy curves are calculated for the ArO+ system and,
from these, transport properties are calculated and compared to experi-
ment. A crossing between the lowest 2 curve and the ground state 4 
curve near the minimum of each potential becomes an avoided crossing on
the inclusion of spin-orbit coupling. It is shown that the more appropri-
ate potential for the description of the motion of O+(4So) through Ar at
the energies of interest is the diabatic potential, neglecting ne structure.
Using an improved 4  potential, agreement with the mobility measure-
ments is obtained for low and intermediate electrostatic eld strengths,
although small discrepancies remain for high eld strengths. The ap-
propriate choice of diabatic or adiabatic potentials is also considered for
related systems of interest: HeO+, NeO+ and RgO  (Rg = He, Ne,
Ar).
I Introduction
Knowledge of the movement of ions through a neutral gas is required to un-
derstand the behavior of ions in the atmosphere [1, 2] and plasmas [3]. It is
also important in setting up models of ion-molecule ow-tube reactions, since
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losses of ions to the wall need to be quantied. The ion motion is controlled
by the collisional cross section of the ions with the gas molecules and this cross
section is related to the interaction potential between the two species. In prin-
ciple, empirical collisional cross section data as a function of relative collision
energy can be inverted to give the interaction potential; conversely, the inter-
action potential can be employed to calculate the collisional cross sections, and
hence various transport properties. If an interaction potential is able to yield
transport properties in good agreement with accurate experimental results over
a wide range of E=n0 (the ratio of the electrostatic eld strength, E, to the
gas number density, n0) and if the precision of the experimental data is high,
then it can be inferred that the interaction potential will be useful in a whole
range of other applications: prediction of and comparison with scattering data,
development and assessment of model potentials, and determining spectroscopic
assignments.
In recent work [47], we have generated accurate ab initio interaction po-
tentials and employed them to calculate transport, scattering and spectroscopic
properties. Where spectroscopic data were available, good agreement was ob-
tained; however, this merely indicates that the interaction potential is reliable
close to the energy minimum. A large part of our focus has been on a sta-
tistical comparison between calculated and experimental transport coe¢cients
over wide ranges of E=n0, sometimes at a number of di¤erent temperatures, T .
We have been able to show that our methodology is sound, by comparing both
to previous high-quality ab initio potentials and to experimental data for the
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closed-shell alkali metal cations moving through rare gases [811]. Of particular
pertinence here is our previous work [12] on O (2P o) moving through He, Ne
and Ar, where comparisons between computed and experimental mobilities led
us to the conclusion that adiabatic spin-orbit-coupled potentials were needed to
obtain satisfactory agreement between the most reliable experimental data and
the calculated values. As a consequence of that conclusion, in later work [13]
on O+(4So) moving through He, we considered not only the lowest X4  state
that arises for the HeO+ system, but also the higher-lying a2 state dissoci-
ating to the O+(2Do) + He(1S) asymptote. The potentials for these states
cross at a point high up (approximately 2.5 eV) on the repulsive part of the
X4  state, and hence the crossing does not a¤ect signicantly the calculated
transport properties in the E=n0 region covered by the new experimental data
that we reported [13]. Good agreement between new experimental results and
the calculated mobilities was also obtained for the NeO+ system [4], where
the crossing occurs at slightly higher energies. The purpose of the present
work was to perform similar calculations for ArO+, but much more detailed
considerations turned out to be necessary, as described below.
Two previous papers have addressed the ArO+ potential. A potential
energy curve for ArO+ was obtained in 1977 by Ding et al. [14], based on
di¤erential cross section measurements. A POL-CI potential was reported in
1979 by Guest and coworkers [15] for this system (as well as for KrO+ and Xe
O+). Neither of these ArO+ potentials is expected to have the accuracy that
is now routinely possible for atomic ion-atom systems [5, 16], so our rst task
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was to determine an ab initio potential that has the capability of reproducing
the gaseous ion transport data, particularly the ion mobility.
Based on the experimental work by Dotan et al. [17], the mobility of O+ in
Ar is frequently cited as a rare system for which a mobility minimum exists.
This minimum has been associated [18] with signicant contributions from the
long range R 6 component of the potential to the dominant (ion-induced dipole)
component that varies as R 4, R denoting the ion-atom separation. The mobil-
ity minimum was also found by Fhadil et al. [19], although their uncertainties
would allow for the absence of a minimum. This minimum was reproduced
by Viehland and Mason [20] when calculating approximate mobilities from the
potential of Guest et al. [15]. In recent work, we have shown that mobility
minima are not rare, and we have reported their occurrence in a number of
metal-cation/rare-gas systems [5, 6, 16]. They appear to occur whenever the
R 4 contribution to the potential (hereafter called the polarization potential,
and denoted Vpol), crosses the true potential at separations shorter than the po-
sition of the potential minimum, Re. A useful rule of thumb is that a mobility
minimum will exist when the R 6 and other attractive terms are signicant but
the separation is not yet small enough that the repulsion terms in the potential
are dominant.
In Sec. II, we report new, more accurate, experimental mobilities for O+ in
Ar at room temperature, and compare them to previous data. Our initial ab
initio potentials for ArO+ are described in Sec. III. Calculations using these
initial potentials, similar to those described above for HeO+ and NeO+, are
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reported in Sec. IV; they do not match the present experimental mobilities.
We show in Sec. V, by considering the probability for making a transition from
the X4  state, that in fact this diabatic state should be employed to compute
the cross sections and transport properties. The X4  potential is computed
more accurately in Sec. VI, by including extrapolation to the complete-basis-set
(CBS) limit. The use of this CBS potential to compute the transport properties
is discussed in Sec. VII; satisfactory agreement is found between experiment
and theory for E=n0 values less than about 90 Td (1 Td=10 21 Vm2). An
examination of the role of ne structure when calculating the mobility of O+ in
He and in Ne and of O  in He, Ne and Ar is given in Sec. VIII. Conclusions
are presented in Sec. IX.
II Experimental
The present measurements of 16O+(4So) mobilities in argon employed the same
Selected-Ion Drift-Apparatus (SIDA) and associated methods as our recent mo-
bility measurements in neon [4]. As before, mobilities were inferred from the
average of the arrival-time distribution of the ions, after applying corrections
for the short time intervals that the ions spent traversing the two mass lters
and for electronic delay times. Both of these corrections are small and can
be obtained easily by either calculation or electronic measurements. Charg-
ing of electrode surfaces was sometimes observed, but the data taken in such
situations were discarded. However, injected-ion drift tubes of the type used
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here are subject to unavoidable end e¤ects arising from non-uniformities of
the drift eld near the ion entrance region. The systematic errors caused by
end e¤ects are di¢cult to calculate, but their magnitude can be estimated by
re-measuring accurately known mobilities and by observing the response of the
measured ion transit times to changes in the voltage distribution between the
entrance electrodes. As described in more detail in our recent publication [4],
end e¤ects were found to cause a systematic reduction of 7% of the measured
16O+(4So) mobilities and thus have to be taken into account.
In order to circumvent the limitations imposed by the experimental appara-
tus, we adopted the strategy of alternating between measurements of the oxygen
ion mobility and the accurately-known (1%) mobility of atomic argon ions in
argon [21]. In practice, we switched back and forth between measurements of
the two ion species about every thirty minutes, keeping all parameters (except
the mass setting of the injection mass lter) at the same values. The mobility
of 16O+(4So) ions in Ar was then determined relative to that of the argon ions;
possible e¤ects due to the di¤erent temperature (293 rather than 300 K) and the
di¤erent range of E=n0 values (50-300 rather than 20-180 Td) for the Ar+ data
were considered and found to be negligible (perhaps 0.1%). The procedure
worked rather well and considerably reduced the data scatter that otherwise
might have masked the shallow minimum in the mobility vs. E=n0 curve.
We estimate that the combined statistical and residual systematic uncer-
tainties in the mobilities are 3%. All measurements were performed at room
temperature (300 2 K); the minor temperature variations were taken into ac-
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count in converting pressures to densities. The originally-used pressure gauge
was later compared to a freshly calibrated gauge of higher quality and was found
to be accurate to better than 0.5%. The ion arrival peaks showed no evidence
of splitting into two components due to the presence of metastable 16O+(2Do)
ions, as was sometimes seen in the neon measurements. In addition, Fig. 1
shows that there is no systematic variation of the present data with the pressure
used to make the measurements.
The present experimental data, both in raw and smoothed forms, are com-
pared with a smoothed version [22] of the previous values [17] in Fig. 1. Both
the previous and the present data clearly exhibit a shallow minimum around
E=n0 =90 Td. The slight discrepancy in overall magnitude, of the order of
3%, is within the mutual uncertainties of the two sets of measurements. We
chose not to include the mobilities reported by Fhadil et al. [19] because they
were not directly derived from transit-time measurements but rather from the
kinetic energies of ions that e¤used from the ion exit orice; hence, they may
be subject both to experimental errors and uncertainties in the approximations
that were made in the conversion of ion energies to mobilities. Moreover, the
mobilities that were calculated [20] from the potential of Guest et al. [15] are
also omitted, since they are likely to be inaccurate due to the wobbles in the
potential that were previously commented upon [20].
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III Initial Ab Initio Potentials
The ground state of O+ is 4So , with the rst excited state (2Do) lying about
3.3 eV higher in energy. In contrast to the behavior in the HeO+ and NeO+
systems, the Ar+(2P ) + O(3P o) asymptote is lower in energy than Ar(1S) +
O+(2Do). Hence, as shown by Guest et al. [15], a number of Ar+O states
are produced, with the lowest excited state, the a2, crossing the X4  state.
Both of these states have 
 = 1/2 and 3/2 components, so when spin-orbit
coupling is included, an avoided crossing can occur between two curves with
a common value of 
. The nature of the lowest energy adiabatic curve then
changes from Ar+O to ArO+ in going from short to long R values.
In order to generate the requisite potential energy curves neglecting the spin-
orbit interaction, RCCSD(T)/d-aug-cc-pV5Z calculations were employed point-
by-point for both the lowest 4  state and the lowest 2 state, with the full
counterpoise correction being applied at each point. For the X4  state, this
correction was performed with Ar and O+ fragments; for the a2 state, it was
performed with Ar+ and O fragments. This procedure led to the two curves
having energies relative to their respective asymptotes. Before allowing the
curves to interact with the Breit-Pauli spin-orbit coupling operator [23], the a2
state was shifted up in energy by 0.122203 Eh , so that the two asymptotes were
at the correct relative energy. Our calculations, performed with the MOLPRO
package [24], found that the X4 a2 crossing occurs at a somewhat larger
R value than was obtained by Guest et al. [15], as shown in Fig. 2. Fig. 3
compares the full potential with Vpol and shows that we can expect this potential
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to produce a mobility minimum, for reasons discussed above.
For the spin-orbit calculations, CASSCF calculations were carried out, with
the RCCSD(T) interaction energies of the X4  and shifted a2 states em-
ployed as the unperturbed values. The basis set employed was aug-cc-pVQZ,
with the s, p, d and f functions used being uncontracted. As expected, the
results of these calculations showed that the lowest curves described a pair of
states that are degenerate at large R and split into 
= 1/2 and 3/2 components
at small R. The avoided crossing was very sharp (see Fig. 4) and produced a
lowest potential with a pronounced double minimum.
The RCCSD(T) and CASSCF calculations employed the frozen-core approx-
imation. We note that the Hartree-Fock and RCCSD(T) procedures converged
at all R values considered for the X4  state, but that some problems were
encountered at large R for the a2 state. Since the X4  and a2 states are
well separated in energy in this region, there can be little interaction between
them, and so we simply spliced the long R region of the X4  curve to the
lowest 
 = 1/2 and 3/2 curves when convergence of the a2 state failed. It
was then veried that the join of the two curves was smooth, and hence this
procedure led to no further complications.
IV Initial Calculations of Mobility
As in our earlier work on O+He [13] and O+Ne [4], we computed the trans-
port cross sections for the lowest 
 = 1=2 and 
 = 3=2 potentials. Because the
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curve crossings occur at about R=3.6 a0, these potentials had double minima
separated by maxima that were continuous and di¤erentiable but that appeared
to be cusps until an extremely ne grid of R values was employed. To accom-
modate such potentials, we had to modify program QVALUES [25,26] further,
in e¤ect so that R 3.6 a0 and R > 3:6 a0 were always treated separately. The
resulting Fortran program, named PC, is available upon request.
The transport cross sections for the combined potentials were calculated to
an accuracy of 0.1% for relative collision energies between 10 7 and 10 Eh .
There was very little di¤erence between the two sets of cross sections, which
is consistent with the great similarity of the potentials for the two values of 
.
We used these cross sections in program GC [5] to compute the ion mobility and
compared the results with the new experimental values discussed above. Even
accounting for experimental errors and for imprecision due to the numerical
calculations, it was clear that something was awry. No satisfactory explanation
could be found for this poor agreement. We therefore hypothesized that the use
of the adiabatic curves might be an issue and decided to consider the e¢ciency
of crossing between them.
V Transition Probabilities
A collision between O+(4So) and Ar(1S) starts on one of the degenerateX4 
1=2;3=2
potential energy curves. As discussed above, these potentials each have an
avoided crossing with the a21=2;3=2 potentials, which are strongly attractive
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and dissociate to the charge-transfer state, O(3P o) + Ar+(2P ). Thus, there
are two avoided crossings to be considered, on the 
=1/2 and the 
=3/2 po-
tentials.
The standard approach to estimating transition probabilities uses the Landau-
Zener (LZ) approximation [27]. This approximation is most readily formulated
in terms of two diabatic potential curves, H11(R) and H22(R), that cross at
some separation Rc with slopes H 011 and H
0
22, and are coupled by the interac-
tion, H12, that is assumed to be constant. The resulting adiabatic potentials,
V(R), are given by
V(R) = H11(Rc) +
1
2
(H 011 +H
0
22) (R Rc)

1
2
h
(H 011 +H
0
22)
2
(R Rc)
2 + 4H212
i1=2
(1)
Using the LZ approximation, the probability, P , of staying on the diabatic
potential on a single passage through the transition is
P = exp( v=v); (2)
where
v =
2H212
h jH 011  H
0
22j
(3)
and where v is the magnitude of the radial component of the relative velocity at
Rc. Recall that v is largest for a head-on collision and decreases as the impact
parameter increases, vanishing at that impact parameter where the classical
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turning point is at Rc. For larger values of the impact parameter, the transition
probability is zero. At collision energy E, the maximum value of v satises the
equation
1
2
v2max = E   V (Rc); (4)
where  is the reduced mass and V (Rc) is the lower potential at the crossing
point.
For our application, the results of the RCCSD(T)/d-aug-cc-pV5Z calcula-
tions, neglecting ne structure, can be considered to be the diabatic potentials,
while the adiabatic potentials are those that have been allowed to interact under
the inuence of the Breit-Pauli operator [23]. Based on eq. 1, we have tted
the relevant values of [V+(R) V (R)]2 to (H 011 +H
0
22)
2
(R Rc)
2+4H212. Val-
ues for the resulting parameters for the 
 = 1=2 potentials are Rc = 3:549 a0,
jH 011  H
0
22j = 0:120 Eh a
 1
0 and H12 = 83:2 Eh . For comparison with H12,
we note that the ne-structure splitting parameter for O(3P ) is about 360 Eh .
With these LZ parameters, the value of v is extremely small, 0.8 ms 1.
At E = 0, the value of vmax obtained from eq. 4 is approximately 2 km s 1,
so it is clear that the probability of a transition from the adiabatic X4 
1=2
potential to the a21=2 potential is negligible. The coupling is even weaker
between the 
 = 3=2 states (see Fig. 4). Hence it is concluded that, for O+ in
argon, it should be more realistic to perform the calculation of the collision cross
sections assuming motion exclusively on the X4  curve, rather than upon the
combined potentials for 
 = 1=2 and 
 = 3=2.
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VI Improved X4  Potential and its Spectro-
scopic Properties
Based on the discussion in the previous section, we calculated the mobilities em-
ploying only the RCCSD(T)/d-aug-cc-pV5Z curve for the X4  state. The re-
sults were still unsatisfactory, even when we increased the precision requested in
the convergence of the cross sections. To improve further the ab initio potential
energy curve, we calculated a full-counterpoise-corrected RCCSD(T)/d-aug-cc-
pVQZ curve for the X4  state and employed this with the full-counterpoise-
corrected RCCSD(T)/d-aug-cc-pV5Z results to extrapolate the potential energy
curve to an approximate basis-set limit: (full-counterpoise-corrected) RCCSD(T)/d-
aug-cc-pV1Z. We did this point by point, employing the two-point power
formula of Halkier et al. [28].
In Table I, we show the calculated potential and spectroscopic parameters for
theX4  state, in the absence of any spin-orbit coupling, for the RCCSD(T)/d-
aug-cc-pVQZ, RCCSD(T)/d-aug-cc-pV5Z and RCCSD(T)/d-aug-cc-pV1Z po-
tentials. HereDe is the depth of the potential energy well, D0 is the dissociation
energy, !e is the harmonic vibrational frequency, !exe is the vibrational anhar-
monicity, Be is the equilibrium rotational spectroscopic constant, and e is the
vibration-rotation interaction constant. There is an expected trend, with in-
creasingly elaborate basis set, of slightly shortening Re and increasing De, but
the changes are very small, a few percent for De and less than one percent for
Re. Similarly, there is a slight increase in !e, but this is less than two percent.
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Our RCCSD(T)/d-aug-cc-pV1Z value for De is in reasonable agreement with
the value obtained by inverting scattering data [14], with our potential being
about 10% shallower; our Re value is slightly larger. The POL-CI calculations
of Guest et al. [15] yield an Re value in excellent agreement with our value; their
De value is in reasonable agreement with our value, and their values for !e and
!exe are in satisfactory agreement with ours.
Of course, the comparisons above are for the X4  diabatic curve and a
spectroscopic experiment sampling the lowest vibrational energy levels (far from
dissociation) would be expected to obtain information on the lowest adiabatic
curves. In fact, owing to the position at which the curves cross, there are
only very small di¤erences in the spectroscopic parameters for the X4  curve
and those for the lowest spin-orbit curve. For the latter, we obtain De =
4917 cm 1, Re = 4.208 a0, !e = 334.9 cm 1 and !exe= 5.86 cm 1 from the
RCCSD(T)/d-aug-cc-pV5Z calculations, all very close to the results in Table I.
It is of interest to note that there is fair agreement between the present
potentials and the scattering-derived potential of Ding et al. [14]. It is also
interesting to note that the potential derived in that work had a single mini-
mum, whereas we have shown that a double minimum should be obtained if the
adiabatic spin-orbit states are involved. This absence of a double minimum
could be because the scattering process did not sample the adiabatic surfaces
to a large extent, which would be consistent with the analysis presented above.
Alternatively, the inversion procedure used to extract the potential from the
scattering data might not have allowed for the possibility of a double minimum.
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VII Comparison between the Experimental and
Calculated Mobilities
We have used programs PC and GC to calculate the mobilities for 16O+ (and,
for completeness, of 18O+) in Ar at every 100 K between 100 and 500 K. The
results have been placed in the database maintained at Chatham University [29].
Fig. 5 shows a comparison between the calculated 16O+ mobilities at 300 K,
the present experimental values (both raw and smoothed), and the smoothed
values [22] of the earlier data [17]. It is clear that a mobility minimum appears
in the calculated results close to the E=n0 values at which minima appear in the
experimental data. As indicated above, there is agreement, within experimen-
tal error, between the present experimental mobilities and the previous values
throughout the range of E=n0 values sampled. The experimental results of the
present work have better accuracy, and they are in agreement with the calcu-
lated values up to about 90 Td. At higher E=n0, the calculated values move
above the experimental values and lie outside the experimental error bars.
In order to conrm that the discrepancy between the calculated mobilities
and the new experimental values is real, we took four additional steps. First,
we used program PC to calculate the transport cross sections to a higher ac-
curacy, 0.03%, over the range of collision energy from 10 7 to 10 Eh ; better
accuracy over wider ranges of energy cannot be obtained unless substantially
more potential energy points were to be calculated. Second, when solving the
Boltzmann equation using the Gram-Charlier method [30], we took advantage
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of the separation of the calculation of the di¤usion coe¢cients from that of the
mobility and other properties of the ion motion, i.e. we let the program pro-
ceed whether or not the di¤usion coe¢cients had converged. Third, we used
program GC to compute the mobility and other properties (except di¤usion
coe¢cients) to a precision of ve signicant gures, whenever possible, even
if the accuracy of the cross sections did not warrant this e¤ort. The fourth
and most important step, however, was to change the step size in GC so that
it computed the transport properties over a much ner grid of values of E=n0
than usual. The last two steps are connected, as the nal values (converged
or not) for the mobility and the other parameters of the distribution function
at one value of E=n0 are used as the basis for starting calculations at the next
one; when the mobility is moving rapidly towards its maximum, the program
needs to take rather small steps in E=n0 in order to have good starting values
of the parameters. The result obtained after making all of these changes is that
the calculated mobilities still converged to values higher than the experimental
values above about 90 Td.
A statistical comparison of the calculated and experimental mobilities is
given in Table II. Here "ACC" is the accuracy of the experimental data, "Prec"
is the precision of our calculated values,  is a statistical measure [31] of the
di¤erence between the measured and calculated values (relative to the combined
values of ACC and Prec), and  is a statistical measure [31] of the (relative)
standard deviation of the di¤erences. Since the values of  are nearly the same
as the corresponding values of jj, the comparison is not a¤ected signicantly
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either by scatter in the data or by variation in the E=n0 values in each region
shown. The values of  at high E=n0 are negative in all three situations,
indicating that the experimental values lie below those calculated, as is shown
in Fig. 4. The di¤erences become statistically signicant when  lies below -1,
i.e., only for the present data at high E=n0.
As shown in Fig.5, the data of Dotan et al. [17] reach a value exceeding
3.43 cm2 V 1 s 1 at the lowest value of E=n0 employed, 5 Td. However, those
values are consistent with both the new values and the calculated results at low
E=n0, if the large error bars are considered. The calculated zero-eld mobilities
shown in Fig. 6 are expected to be accurate over the temperature range shown,
except below about 1 K, where quantum-mechanical e¤ects on the transport
cross sections may become signicant.
VIII Discussion
a Previous Studies on O  in He, Ne and Ar.
In our previous work [12] on the mobility of O (2P o) in He, Ne and Ar, it was
assumed that motion took place on the lowest adiabatic spin-orbit potential
energy curves. This provided good agreement with experiment, in contrast to
the situation here where it was necessary to use the diabatic X4  potential
alone. In order to examine this apparent inconsistency, we consider the Demkov
approximation [27]. In this approximation, two diabatic states with energies
H11(R) and H22(R), such that H11(R)   H22(R)= , and  is constant, are
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coupled by
H12(R) = A exp( R); (5)
where A and  are constants. The probability of a transition between the
two adiabatic curves on a double passage (inwards and outwards) through the
transition zone, is then
p = 2PD(1  PD); (6)
where
PD = cosh
 2
vD
2v

(7)
and
vD =

~
(8)
In the case of O  in He, the potentials we obtained previously [8] give =0.841 a 10
and vD = 6.6 km s 1. Hence, if we use the mean of the initial and nal speeds
in a head-on collision at thermal energy (300 K) with initial state 2+
1=2, we nd
that p = 0.04. For other impact parameters at this energy, the value of v in
the transition zone will be smaller, leading to a smaller transition probability.
For O  in Ne and Ar, the corresponding values of  are 1.19 and 1.58 a 10 ,
respectively, but the much larger reduced masses lead to transition probabilities
that are similar (Ar) or smaller (Ne) than those estimated for He collisions.
Hence the approximation employed previously [12] of the neglect of transitions
between the two states with the same value of 
 should be satisfactory.
It should be noted that the Demkov approximation is formulated within a
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time-dependent approximation, where a common trajectory for the initial and
nal channels is a good assumption. Given that the ne-structure splitting
for O  is 177 cm 1, and hence is comparable to thermal energy at 300 K and
low E=n0, this approximation is quantitatively poor but su¢ciently accurate to
establish the validity of our previous use of adiabatic potentials for O  in the
rare gases. We note that the approximation of neglecting transitions between
the adiabatic ne-structure states was also employed by Aquilanti et al. [32]
for the isoelectronic collision of F(2P o) and He at thermal energies; the ne-
structure splitting for the F(2P o) case is 404 cm 1, more than twice the value
for O (2P o).
b Previous Studies on O+ in He and Ne
In previous studies of the mobility of O+ in He [13] and in Ne [4], calculations
were performed using the lowest adiabatic spin-orbit potential, not the diabatic
X4  potential such as the one that we concluded above is more appropriate for
O+ in Ar. For He and Ne, the avoided crossing for the X4  entrance channel,
which dissociates to give O+(4So), is with the a2 state that dissociates to
O+(2Do). The latter state lies approximately 3.3 eV above O+(4So). This
asymptotic excitation energy is signicantly larger than the 2.1 eV computed
for Ar, where the avoided crossing is with the a2 charge-transfer state. The
avoided crossing for He and Ne occurs at an energy of about 2.5 eV, relatively
high on the repulsive wall of the entrance channel, but in the well of the a2
state.
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Since the mobility data reported above are sensitive primarily to collision
energies below 1 eV, excitation to O+(2Do) is energetically forbidden during
collisions with He and Ne. The avoided crossing inuences the collisions only
in a¤ecting the potential followed when the avoided-crossing zone at 2.5 eV is
traversed during collisions at the high end of the relative energy distribution.
We have analyzed the previous potentials [4, 13] for HeO+ and NeO+ in
the manner described in Sec. 5 for ArO+. Because the coupling is so weak
for these systems, it was necessary to estimate the value of H12 by tting a
parabola to the values of [V+(R)   V (R)]2 at the three separations closest
to the minimum. The value of the slope term, H 011   H
0
22, was determined
from a least-squares t to a range of separations spanning the avoided crossing.
Calculations were performed for both the 
= 1/2 and 
=3/2 avoided crossings.
The values of v in eq. (3) for He collisions are 8.2 and 15.2 m s 1 for 
 = 1/2
and 
 = 3/2, respectively; for Ne collisions, the corresponding values are 3.0
and 8.4 m s 1. Hence, for incident energies such that the speed at the avoided
crossing is of the order of v, the adiabatic potential will be followed, i.e., at
distances shorter than Rc, the motion takes place on the a2 potential, as
assumed in the earlier studies [4, 13]. Since v is rather small, on the scale of
typical speeds of interest in the mobility studies, the band of incident energies
for which the adiabatic potential is followed is also small, about 50 meV above
the crossing energy, which is at about 2.5 eV.
Accordingly, we decided to recalculate the mobilities for these systems. It
was not expected that much would change, owing to the crossing point being far
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up the repulsive wallan area sampled only by very high energy collisions, as
deduced above. As with ArO+, we calculated both d-aug-cc-pVQZ and d-aug-
cc-pV5Z X4  curves and extrapolated to the approximate d-aug-cc-pV1Z
limit, all at the RCCSD(T) level. The resulting CBS potentials were used to
compute the transport properties for 16O+ and 18O+ in He and Ne at many
gas temperatures. The results have been placed in the database maintained at
Chatham University [29]. The statistical comparisons in Tables III and IV show
that there is slightly better agreement between the experimental and theoretical
mobilities using the CBS potentials for X4  than the previous results using the
lowest 
=3/2 curves, but the changes are minimal in both cases. Consequently,
both the adiabatic curves used in our previous work [4, 13] and the present
diabatic ones are consistent with the experimental data, within the experimental
and calculational error bars, although the use of the diabatic potential is better
justied for these collision energies.
IX Concluding Remarks
We have reported new experimental results for the mobility of O+ in Ar. These
new results, with an improved precision over previous values, conrm the pres-
ence of a mobility minimum at room temperature. In addition, we showed that
good agreement between calculated and experimental mobilities was not ob-
tained using the adiabatic curves including the spin-orbit interaction, as we had
used previously for HeO+, NeO+ and RgO  (Rg = HeAr). An estimate of
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the transition probability between the ArO+ diabatic curves showed that this
was very small. This means that quantities reecting the collisions between the
O+ ion and Ar neutral, such as the mobility, ought to be described adequately
by the diabatic, X4  curve, whereas quantities reecting the behavior of the
ArO+ cluster ion, such as spectroscopic measurements, ought to be described
by the adiabatic, SO curves.
More stringent convergence requirements on the collisional cross sections for
our initial X4  potential helped to improve the agreement between experi-
ment and theory, but there was still statistically signicant disagreement over
most of the range of E=n0 probed in the experiments. This led us to determine
extrapolated (CBS) potentials, and, using these, satisfactory agreement for the
E=n0 values ranging from 0 to 90 Td was achieved. Hence the present, ex-
tremely high-level, potential shows consistency with the experimental mobility
data for the most part, although there is still a case for more work to be done,
experimentally and theoretically, to reconcile the values above 90 Td.
The fact that the polarization potential crosses the X4  potential at R <
Re and the observation of a mobility minimum for O+ in Ar is consistent with
previous comments regarding the importance of the R 6 and higher terms [18]
and their not being outweighed by the repulsive terms [5].
A further analysis of HeO+ and NeO+ results indicated that very small
changes in the calculated mobilities resulted from new, non-spin-orbit extrapo-
lated RCCSD(T)/d-aug-cc-pV1Z potentials, compared to the previous use of
spin-orbit RCCSD(T)/d-aug-pV5Z potentials. Reconsideration of the impor-
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tance of non-adiabatic transitions for our work on O  mobilities in He, Ne and
Ar showed, in contrast, that no changes were warranted.
In summary, we have shown that the ArO+ system is surprisingly demand-
ing from the point of view of both mobility experiments and theory, and that
complete agreement between the two has not yet been achieved, although this is
close. In addition, we have shown that for systems where non-adiabatic coupling
can mix states of the same 
 when spin-orbit coupling is included, a detailed
analysis is required to determine whether the diabatic or adiabatic curves are
the more appropriate to be used.
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Tables
Table I: Spectroscopic Constants for ArO+(X4 )
Basis Set Re(a0) De(cm 1) !e(cm 1) !exe(cm 1) Be(cm 1) e(cm 1)
d-aug-cc-pVQZ 4.222 4843.9 331.50 5.65 0.2959 0.005058
d-aug-cc-pV5Z 4.208 4924.0 333.98 5.59 0.2977 0.005043
d-aug-cc-pV1Z 4.195 5009.9 336.67 5.55 0.2996 0.005030
Ding et al. [14] 3.820.15 5480160
Guest et al. [15] 4.193 5400 372.2 5.14 0.300
Table II: Statistical comparison of 16O+ mobilities in Ar at 300 K
Data Source Range of E=n0 (Td) ACC Prec  
Dotan et al. [17] 5.0-69 7% 0.1% 0.25 0.31
69-250 7% 0.3% -0.85 0.92
Present (Raw) 24-69 3% 0.1% -0.73 0.74
69-178 3% 0.3% -2.25 2.40
Present (Smoothed) 24-69 3% 0.1% -0.79 0.80
69-178 3% 0.3% -2.32 2.49
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Table III: Statistical comparison of the smoothed 16O+ mobilities in He at
300 K [13]
Potential Used Range of E=n0 (Td) ACC Prec  
Present (CBS) 11-27 2.5% 0.1% -0.39 0.40
27-42 2.5% 0.1% -0.41 0.41
42-125 2.5% 0.1% -1.18 1.23
Previous [13] 11-27 2.5% 0.1% -0.45 0.46
27-42 2.5% 0.1% -0.50 0.50
42-125 2.5% 0.1% -1.27 1.32
Table IV: Statistical comparison of the smoothed 16O+ mobilities in Ne at
300 K [4]
Potential Used Range of E=n0 (Td) ACC Prec  
Present (CBS) 3.8-20 4% 0.3% -0.69 0.76
20-68 4% 0.3% -0.82 0.87
Previous [13] 3.8-20 4% 0.3% -0.85 0.90
20-68 4% 0.3% -0.81 0.88
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Figure Captions
FIG. 1: Standard mobility, K0 in cm2/Vs, of 16O+(4So) ions in Ar gas at
300 K, as a function of E=n0 in Td. The present data are given by circles for
a pressure of 0.09 torr, squares for 0.10 torr, deltas for 0.13 torr, and stars for
0.22 torr. Smoothed versions [22] of the previous data [17] are given by lled
boxes. The curve is a t of all of the present data to a log-normal curve.
FIG. 2: RCCSD(T)/d-aug-cc-pV5Z diabatic potential energy, E in cm 1, for
the X4  and a2 states of ArO+, as a function of the ion-neutral separation,
R in a0.
FIG. 3: Comparison of RCCSD(T)/d-aug-cc-pV5Z diabatic potential en-
ergy, E in cm 1, for the X4  state of ArO+ (solid curve) and the polartiza-
tion potential, Vpol in hartree (dashed curve), as a function of the ion-neutral
separation, R in a0.
FIG. 4: Diabatic (points) and adiabatic (curves) potential energies, E in
Eh , for ArO+, as a function of the ion-neutral separation, R in a0.
FIG. 5: Standard mobility, K0 in cm2/Vs, of 16O+(4So) ions in Ar gas at
300 K, as a function of E=n0 in Td. The present data are given by open
circles, regardless of which pressure was used for the measurements; 3% error
bars are shown on the rst and last points. Smoothed versions [22] of the
previous data [17] are given by lled boxes, with 7% error bars on the rst and
last points. The lower curve is a t of all of the present data and the upper
curve represents values calculated from the present RCCSD(T)/d-aug-cc-pV1Z
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potential for the X4  state of ArO+. The wiggles in the upper curve arise
from the numerical uncertainties in the calculations.
FIG. 6: Zero-eld standard mobility, K0(0) in cm2/Vs, of 16O+(4So) ions
in Ar gas, as a function of the gas temperature, T in K. The horizontal line
represents the polarization limit of the mobility, the value that applies in the
limit T !0, for oxygen and argon masses of 15.9949 and 39.948 g/mole and an
argon polarizability of 1.6425 Å3; this value is 3.1983 cm2/Vs.
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